Backscattering enhancement for Marshall-Palmer
distributed rains for a W-band nadir-pointing radar
with a finite beam width

Satoru Kobayashi, Simone Tanelli, Eastwood Im

Jet Propulsion Laboratory,
California Institute of Technology

Tomohiro Oguchi
Kanto Gakuin University
1-50-1 Mutsu’ura Higashi

4800 Oak Grove Dr. MS. 300-243 Pasadena, CA, 91109, USA Kanazawa, Yokohama, 236-8501, Japan

E-mail: satoru@radar-sci.jpl.nasa.gov

Abstract— A finite beam theory of the multiple scattering
associated with backscattering enhancement was derived ia
previous study by the authors for a layer of spherical raindrops.
Although the previous theory clarified the reflectivity of multiple
scattering for a finite beam width, it can be applied only to a
distribution of spherical raindrops of uniform size. In thi s paper,
we expand the previous theory to be applied to a generic drop
size distribution with spheroidal raindrops including spherical
rain drops. In this paper, we expand the previous theory to
be applied to a generic drop size distribution with spheroidl
raindrops including spherical raindrops. Results will be used
to discuss the multiple scattering effects on the backscatt
measurements acquired by a W-band (95-GHz) nadir-pointing
radar. Our findings will have direct applications to spacebane
cloud radar remote sensing, including NASA's CloudSat Mis®n,
which is scheduled for launch in the summer of 2005. In geneta
change of raindrop shape from sphere to spheroid brings abau
spatial anisotropy not only in the scattering matrix but also in
the propagation wave constants. This spatial anisotropy asses
no effect on the first order scattering at nadir, while its effect
on second order scattering must be carefully treated. For ndir
operation, it has been demonstrated that the change in the sgial
anisotropy brought by the non-spherical water particles gies
negligible difference from our spherical particle approximation
for the second order copolarized reflectivity, while for the cross
polarized intensity, a small difference of less than 10 % apears.
As an illustration, for nadir operation of a 95 GHz radar,
both the sphere and spheroid approximations give the total
increment in copolarized reflectivity of 1 dB for 10 mm/hr rain
of a layer thickness of 100 m along with the Marshall-Palmer
distribution. This increment must be subtracted from measued
copolarized intensity in order to retrieve the correct amouwnt
of precipitation. Since our primary concern is to correct the
total copolarized reflectivity, this result seems to legitinate to use
spherical particles for estimating the effect of multiple attering
as a first approximation.

I. INTRODUCTION

radar measurements by the presence of depolarized signals
reflected from spherical rain drops [1], [2].

From the early 1970’s to the early 1990’s, multiple scatter-
ing in randomly distributed particles was intensively stad
through the analytical method of electromagnetic wave[f3],

[5], [6], [7]. In the course of study, two main contributionf
multiple scattering to reflective intensity were revealedg

is the conventional multiple scattering called ladder teamd

the other called cross term, is contribution from intenfee

of two ray paths mutually satisfying the condition of time-
reversal paths. For monostatic radars, the cross term leEscom
comparable to the ladder term, resulting in backscattering
enhancement.

In all the previous theoretical works, a plane wave is irgdct
to a layer of randomly distributed particles, and the redldct
wave is collected by a receiver at infinite range. On the other
hand, in remote sensing, a spherical wave with a finite beam
width, usually approximated as a Gaussian antenna pattern
within the antenna mainlobe, is injected, and the reflectadew
is received by an antenna at a finite range. Kobayashi et]al. [8
[9] recently derived a finite beam theory of the multiple scat
tering associated with backscattering enhancement. Boeyth
clarified that for a radar footprint smaller than the mear fre
path, the backscattering-enhancement reflectivity cpoed-
ing to spherical waves is significantly less pronounced than
the case of the plane wave theory. However the above theory
can be applied only to a distribution of spherical raindrops
uniform size. In this paper, we expand the previous theory to
be applied to a generic dropsize distribution with sphexbid
raindrops including spherical rain drops. When ice-phtic
are approximated as spheroids as described in [10], theedieri
theory can be applied to ice-particle clouds that have large

Millimeter-wavelength weather radars have been extelysivalbedos, to calculate the effect of multiple scatteringisTh
used to increase accuracy of measuring hydrometeor numapplication is important for CloudSat mission, and will be

densities (e.g. raindrops, liquid-cloud particles). listfre-

reported in the future.

guency regime, multiple scattering effects become impbrta

so as to be taken into account when using radar reflective

intensity in retrieval algorithms of hydrometeor densithe

[l. FORMALISM
In general, change of raindrop shape from sphere to

occurrence of multiple scatterings was confirmed in 35 GHspheroid brings about spatial anisotropy not only in thdé-sca



tering matrix but also in the propagation wave constantsisThin Egs. 6- 9, the complex wave numbers in the incident and
the propagation Green functions in [8], [9] must be changedceived directions, denoted kys, andk;g, respectively, can

to dyadic forms. Suppose that spheroidal particles arem@dig be defined in the same manner as Eq. 2. For later use, the real
in a preferential direction, defined by polar anglgsandp,. and imaginary parts of the z-components of Eqgs. 6 and 7 are
Since the principal axes of wave propagations coincide witewritten along with Egs. 6-9 to the forms

two directions© and @ in the body frame of the spheroids,

. / L
the propagation dyadic Green function is represented in the Kiia = —kzio — K zia (10)
diagonal form Koso = k.o + 0K 20 (11)
Gi(r, v') ~ (4m) e — /| 1| 8) eapliks v —v'|] (] Using Egs. 1-11 in the same manner as Kobayashi et al. [8],

(1) [9], the received signals of the first order scattering (tinst fi
in which the Dirac notation has been used. Namely the dumryder ladder term) can be represented for nearly backsicatte
vector-component} represents one 0® and @, and 3 is  condition:
summed up ove® and ®. The complex wave numbeétg 1)

—_ 7i(KZsa 7Kzs +Kzi zza )d
that is a function of the polar coordina¢e is given by the 1o = B-Re[{l—e TR T e )

Foldy approximation [11]: {i (K;ml — Kaup, + Koig, — Zmz ) /daN
_ -1 5 oa. PN
kﬁ(@)—k+2ﬂ'k /daN(a)FﬁB('f', 'f',a) (2) {<'LL| O[1> <061‘F(k5, kl,a)‘oz2> <O[2| ¢0>}
where k£ is the wavenumber in air, and the unit vector {<u| Br) <51 ‘F(/;S ];i.a)‘ 52> (Bs | ¢0>}] (12)

represents the direction specified by the polar coordifaed

®. N(a) is a drop size distribution function, arfths(7, #;a) with a constant

denotes thgg3 component of the forward scattering amplitude 9N2p2 109 2 N1

matrix for an diameter 'a’. Note thats depends only o® in B = PG\ 04 (2 n2r) (13)
the body frame of spheroids due to its axial symmetry. In tha Eq. 12,u represents one of unit vectors of the received
same manner, the incident waygr’), and the dyadic Green orthogonal polarization, e.gh and v. Sinceu is treated as
function of the received wavé&; (r, r’) can be rewritten dummy vector in Eq. 12, we must take sum oweand v.

(') ~ /PG /4rr; explikr) e:cp[—rf/4af] The second order ladder term can be represented:
iKig,r’ 3 o0
1B2) expliKip,r'] (B2 | o) ®3) 1 = B/dalN(al)/dagN(@){/ dnl_:n2
_ , 0
Goi(r,¥) =~ /mGy /K2 Tglexp[ikrs] exp[—rf/élcrf] 27 .
|61) expliKqp,r'] (B ] (4) /0 dp Re | {<U| 1) <a1 ’F(km 7 az)’ 7>
02 = 1202 /2%In2 ©) (7] hia)|az) G0z 160) ¥

) ]%’L'a a
in which a large range; > |r'| and a small 3-dB aperture {<u| B1) <gl ‘F(/%s, f«;az)‘ g>
anglef; < 1 have been assumed, denotes the transverse A
length of the point’ that is orthogonal to the layer thickness of <ﬁ ‘F(f, ki; al)‘ ﬁz> (B2 | ¥o) }
d as shown in Fig. 1P, andG denote the transmitting power
and the center gain of an antenna respectivgly.represents {i

. e N . (K:S(il - Kzsﬁl + KZiﬁZ Zl(!z } / dC
the unit vector of an initial polarization. The dummy veetor

componentsd; and 3, represent taking sums ovér and . e (W zian TK72i8,)C o= (K" s +K71)C /1
The foot print radiusr, is defined in Eq. 5. The complex wave e—C2n? /407 Ji{ (k=K. 1+ kmz+kzwz}< ]
numbers in the incident and received directions are defined o
respectively in the forms of — / dyp Re [ {same matricés
0
K3, ~ Re(k; 2)k 1K 4i, (6)
’ ’ . ﬁ R { (K;sal - Kzsﬁl + K2i52 zza2 } / d¢
Kip, ~ Re(ksgl)ks + K7 258, 2 @)

e_i(K:sal _K2531+Kziﬁ2_K:ia2 )d ("”" zsaq " 258,)C
e~ (K" s+k")¢\/{ 1+n2e—C2772/402
eH K=K )N 12 +k o) =KL B1}<]

in which the imaginary parts are defined with the incident
(finc) and receivedd;) angles as

K vig, = —Im(kig,)/cosOine (8) o
K7 o, = Im(ksp, )/ cosOs 9) + /0 dy Re [ {same matrices witht — —7}

{ (K;ksal - Kzsﬁl + KZiﬁz zza2 } / dC



e~ (W zsa1 T 2001 )C o= (K7 g +K7)C /1402 I1l. DISCUSSION ANDCONCLUSION

e—<2n2/4afei{(k/5—k;) 1+n2—k;m]+k;sﬁl}<] _ _ )

o The main purpose of this paper is to calculate the effects

+ / dy Re [ {same matrices witht <> —7} of second or(_:ier scattgrings_ on thg received signal fronsrain

0 with a generic drop size distribution, such as the Marshall-

1 / % Palmer distribution. Rain drop shapes can be approximaed a
zza2

{i(K 0, = Kaspy + Kaig, — spheroids, and a numeric relation between the axial raéo (v

—i(K oy = Kopy H Koy =K iy ) (K7 200y +K 2iay) tic;i_l radius/ hqrizontal rzqiuslzzz/b) and the equivolumetric
(K k) TR radiusao(mm) is reported in [12] as
o= C2n? /402 Ji{ (ks —K) /1402 = k2752+k2m2}§] (14) a/b=1-0.1ag a7

As a first step, the principal axes of spheroids are assumed to
be aligned in the vertical direction. Since the second sdati
ggffect appears maximally for the infinite footprint radig,[

In Eq. 14,( = tanf has been used. Here and ¢ are the
polar coordinates of the directional unit vectordefined in
the laboratory frame. On performing the integrals, the pol
coordinated) and ¢ must be converted to the correspondin
polar coordinate® and ® in the body frame of spheroids,

], Egs. 14 and 15 are calculated for. = oco. The other
arameters are matched to those of the CloudSat mission. The
layer thickness is taken equal to the vertical resolutiob@d

respectively. m, and the radar frequency is set at f = 95 GHz. Figure 2 is the
The second order cross term can be represented: result for the Marshall-Palmer distribution with the rairod
@ oo n shapes defined by Eqg. 17. In the figure, the second order ladder
Ie” = B/dalN(al)/dQQN(GQ){ 2'/ dﬁm terms normalized by the first order scattering (Eq. 12) are
o 0 denoted ad.5° and L§* for the copolarized and cross polarized
/ dyo Re | {<u| ar) <a1 ‘F(l};s, —f;al)"y> signals respectively, while the corresponding second rorde
0 cross terms are denoted @° andCs*. Figures 2 (a) and (b)
<'y ’F(—f, ki: a2)‘ a2> (g | o) }* show the copolarized and cross polarized returns respéctiv
N It is noticed that there is no first order contribution to thess
{<u| B1) <ﬁ1 ‘F(/f& f;a2)‘ ﬁ> polarization for nadir operation. The formalism of this pap
. can be applied to only CW radars in rigorous sense. However,
<ﬁ ‘F(r’ i al)‘ 52> (B2 o) } for over 5 mm/hr rains along with a large resolution length of
500 m, we can show that this formalism can be used as a first
(1K oy = Kospy + Kaipy = Kjop )} / dC  estimator for second order scattering. Figure 2 (a) indiat

that the total increment in copolarized retudr{ L5° + C5°)

_( ”zi + ”zsa )C —(k” +k}” )C / _(2 2/4 2 . . . .
e m T s bR AT ‘e °" reaches as high as 2 dB for 10 mm/hr rain. This increment

ek —k,) 1*"2_’“;8%+k;w2_qﬁ2ﬂ2ﬁ1“1}C] must be subtracted from measured copolarized intensity in
2m ) . order to retrieve the correct amount of precipitation.
- /O dp Re [ {same matrices(i(KZ,q, — Kzsp The second purpose of this paper is to evaluate the dif-
ferences in reflectivities up to the second order scattering
+K.ig, — K, )} / dCe —Cn’* 4o} between spherical and spheroidal shapes. When the principa

axes of spheroids are aligned in the vertical directiornethe
no spatial anisotropy in the vertical direction so that ¢her
=R )V 402 =k +hiay 00001 3¢ ) (15) is no difference in value of the first order scattering (Eg.
) ) o . 12) between the two rain shapes. However, for the second
in- which gg,a,5,, denotes the deviation from the rightyeatiering process, the propagation from one particle to an
backscattering: other, especially in the transverse direction, is affedbgd
Urasthas = 2 (kg + ki, )5ininccos(Pime — ¢) the a_misotropy brought _by spheroidal shgpe_s. This ?:Zfect is
b2 YK, + kL, )sinfscos( ) (16) con5|_dered to be If_;lrge_r in the cross polarizatiaf*(+ C5*)
sB1 T Msen Ps =¥ than in the copolarization;° + C5°), because the former has
When the incident anglé,,. is set atr, the backscattering more contribution of transverse propagation. In fact itisrfd
angle becomes 0. As the scattering angledeviates from that the values ofL5” + C5* and Ls° + C's° for the spheres
the right backscattering angle = 0, the value ofgs,a,5,., have higher values than those for the spheroids<bp.@ dB)
increases, resulting in strong decorrelation of the cresmt and « 0.1 dB) respectively.
(15). Note that Egs. 14 and 15 include the effect of spatial To apply the theory in this paper to pulsed radars, it is
anisotropy caused by spheroidal particles. It is also ntitatl necessary to combine it to the time-dependent theory [1],
high symmetries of scattering amplitude matrices shown which does not include the effects of the cross term (Eq. 15)
[8], [9] break out due to introduction of a generic dropsizaor finite footprint size. The small differences in values of
distribution instead of mono disperse dropsize distriyuti  the second order scattering between spheres and spheroids

e_i(K:soc] _Kzsﬁl +KZ7'[32 zmocg)d (’{ zsf31 +K”Zi&2)<



Fig. 1. Schematic diagram of distribution of spheroidal foydeteors, and
the incidentk; and the scattereds; wave directions. An arbitrary point in
the medium of thickness of d is denoted By The point O is the origin of
coordinates in the laboratory frame. The principal axespbisoids are tilted
to the laboratory frame. (a)

indicates that the combined algorithm may be achieved
approximating raindrops as spheres.

co co
1+L, +C2
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